This paper considers the feasibility of developing Solar (photovoltaic)-Wind-Diesel hybrid power systems for supplying electricity to off-grid rural communities in the Tigray region of northern Ethiopia. Using wind resource assessment and solar potential-based data from the National Meteorological Agency of Ethiopia, a case study of three sites in Tigray is presentedSerawet (645 households), Feleg Daero (338 households) and Adi Mesanu (55 households) -which typify, respectively, large, medium and small off-grid communities. The energy demand was determined through a field survey and previous historical data of similar villages electrified through grid extension. The Hybrid Optimization Model for Electric Renewables (HOMER) was used to simulate and generate feasible solution through combinations of photovoltaic, Wind Turbines and Diesel Generators with a minimum levelised cost of electricity. The simulations indicate that a hybrid system option, compared to a diesel only system, is feasible for each of the three villages.
INTRODUCTION
In most developing countries electrifying rural households by extending the main grid is a major challenge due to economic and technical reasons. There is a need therefore to find other methods of supplying electricity to rural households. Supply of electricity to rural communities will have significant impact on preventing problems associated with deforestation, environmental effects and contributing towards sustainable development.
Like several other developing countries, Ethiopia is characterized by dependence on traditional biomass and most significantly, severe modern energy shortage in rural areas where more than 80% of the population of the country lives. Access to electricity is one of the lowest in Africa.
Despite current efforts to increase access, many communities will not be reached for some years to come. On the other hand, Ethiopia is one of the countries endowed with renewable energy ISSN:2220-184X resources such as hydro, solar, wind and geothermal. Thus, renewable energy sources are options for off-grid electricity supply in the country. The northern part of the country where the study focuses on has high Solar and Wind energy potential. It is expected that hybrid Solar -Wind energy systems with diesel backup will provide good possibilities due to the complementary nature of the resources in the area. This paper therefore demonstrates this fact by presenting a study made on hybrid Solar -WindDiesel systems in three rural villages in the Tigray region of Northern Ethiopia, namely Serawat, Feleg Daero and Adi Mesanu; tries to demonstrate the feasibility of Solar-Wind-Diesel based hybrid systems for electrifying rural communities; and determine optimum configurations for the three sites.
Literature Review

Solar Energy Resource Assessment
Previous studies on solar energy resource assessment of the country include Neway (1996) , Yacob and Frances (1996) , Addis Ababa University (AAU) (2001) , and Solar and Wind Energy Resource Assessment (SWERA) (2007) . The study by Neway (1996) compared the measurement of global solar radiation with corresponding calculated values using Angestrom's relations. The regression coefficients were obtained and the correlation equations were determined to predict the global solar radiation. The results show that Angestrom's relations are valid for the locations under study. Yacob and Frances (1996) used sunshine hour records from 21 meteorological stations in the country to illustrate the general availability of the resource. The report by AAU indicated that the annual average daily solar radiation ranges from4.25 kWh/m 2 to 6.25 kWh/m 2 .
Solar radiation maps of the country produced based on satellite data by SWERA (2007)also indicate that the country has significant solar radiation potential.
Wind Energy Resource Assessment
The first study reported on Wind energy potential of the country was by Welde Ghiorgis (1988).
The study was based on wind speed data obtained from meteorological observations. The study shows estimates of the expected energy and explains reasons for expecting the calculated energy estimates to be potentially useful. Later studies include Yacob and Frances (1996) and SWERA (2007) . Yacob and Fraces (1996) used wind and solar data from 21 meteorological stations and previous studies to illustrate the wind and solar energy potential across the country and SWERA ISSN:2220-184X
(2007) came up with a map of wind and solar energy potential in the country.
Hybrid Systems
Studies made on hybrid system for Ethiopia are scarce. A study made by RENAC (2008) on feasibility of photovoltaic (PV)-diesel hybrid system for Ethiopia favored the PV-diesel hybrid system despite the high investment cost of the hybrid system. Another study made on the feasibility of solar -wind based hybrid system was reported by Bekele and Palm (2010) . This study assessed the solar and wind energy potential for four locations in Ethiopia. HOMER software was employed to make the analysis for a model community of 200 households.
However, the study concluded that the diesel power scheme (i.e. 100% diesel) was more feasible option than the solar-wind-diesel set up.
DESCRIPTION OF THE STUDY SITES
2.1.Geographical Data of the Sites
The current study has been conducted for three specific villages in North Ethiopia, in Enderta and Atsbi-Womberta Woredas of Tigray Region. The villages discussed here in this paper are:
Serawat, Feleg Daero and Adi Mesanu. Other villages were part of the master's thesis study by Abraha (2011) . Table 1 summarizes the geographical data of the villages. The three villages are models for large, medium and small size communities. 
Energy Demand Profile
Energy demands of the population in the villages are for lighting, cooking, water pumping, milling cereals and refrigeration in health clinics. The load profile for the respective villages was determined by field survey and observing previous trends of similar villages recently electrified.
The information for electrified villages and towns was obtained from the Ethiopian Electric
Power Corporation (2010). The survey of the villages of the current study was conducted to determine the number of households, number of rooms per household and other energy demand in the villages. The survey determined the lighting load, cooking load, energy needed to replace diesel operated water pumps, milling stations and energy demand of health clinics. Figure 1 shows the load profile of the villages. The peak load is from 18.00-24.00 hours due to the expected significant lighting load in the households. To account for the day to day and hour to hour variability, 15% and 20% variability respectively, was introduced to the average daily load profiles shown in figure 1 which resulted in higher peak power demand. A summary of the load profiles after the variability has been applied to the average load for all the three villages is shown in table 2. The power demand has a low load factor as shown in table 2 and is characterized by low energy demand during the day time and peak demand during the evening. This is because of the fact that electricity is primarily used for lighting application and the lack of commercial and industrial demand in the villages.
Solar Energy Resource
The most common solar energy resource data collected in many of the meteorological stations throughout the country is the average daily sunshine hours. The available sunshine hour data from the National Meteorological Agency of Ethiopia (2010) was used to estimate the solar energy resource of the sites. Figure 2 shows the eight years average daily sunshine hours in each month for the sites under study. 
Wind Energy Resource
Wind energy data are measured at 2 m above ground in many meteorological stations in Ethiopia though wind speed measurements at 10 m are available at some airports and are more useful for predicting Wind Turbine power. Even though recently wind energy resource assessment for power generation has been conducted at some sites, the available data for these sites during the period of this study was 2 m data from the National Meteorological Agency (2010). Thus eight year monthly average wind speed data measured at 2 m was used for the resource assessment, with subsequent extrapolation to 10m values. Data under collection at Ethiopian Institute of Technology-Mekelle University (EiT-M) at 10m was considered for comparison purposes (Mulu, 2011) .
METHODOLOGY
Modeling Daily Solar Radiation
The sunshine hour data available has been converted to monthly average daily global solar radiation, H G , from H o , the monthly average daily extraterrestrial radiation, employing theAngestrom -Page estimation model (Duffie and Beckman, 1980) , given by Equation 1.
Where H G ismonthly average daily global solar radiation H O is monthly average daily extraterrestrial solar radiation a is Angestrom's correlation parameter Where Eo is Altitude of a site in kilometers δ is declination angle for the average day in the month is Hellman coefficient Ф is Latitude of the site
Wind Speed Profile
The wind speed data available as discussed in section 3 is measurement data at 2 m. Such a measurement has its own limitation since it is prone to shading by buildings and vegetation.
However, it can be used in the absence of other data by making use of wind shear effects. The plot of the 2 m monthly average data is shown in figure 3 . Where V z is mean wind speed at height Z V zref is mean wind speed at the reference height of the study terrain Z is study height above the ground Z ref is reference height,2 m Z 0 is surface roughness length Zo value ranges 0.001m < Zo < 10m and the surface roughness for the sites was considered in the range of few trees (Zo = 0.1) to many trees and few buildings (Zo = 0.25). Therefore, the average Helleman coefficient of α = 0.2 was used in the calculations.
Hybrid Modeling in HOMER
HOMER software has been used for the modeling, analysis and optimization. The software takes solar energy and wind energy data; models PV, wind turbine, diesel generator and batteries with different sizes to match the demand; makes economic analysis considering costs of components.
Optimization is based on Levelized Cost of Electricity (LCOE) which is defined as the ratio of the sum of the levelized annual cost to the annual electricity production of the system. The system with the least LCOE meeting the power demand of the village is considered to be the optimized option. The hybrid system modeled in this study for each village consists of PV, wind turbine, diesel generator as power sources. The system also includes battery storage and inverter. The type of the hybrid system modeled is a parallel hybrid system. The parallel system has an alternating current (AC) and direct current (DC) buses as shown in figure 4. The wind turbine and the generator with AC power sources are connected to the AC bus. The PV and battery are connected to the DC bus. The parallel system was selected compared with series or switched system for its advantage of higher overall efficiency and avoiding double conversion of electricity from AC to DC and vice versa.
Among the physical properties of the diesel generator which are required as input to HOMER include power output capacity, expected life time in operating hours and fuel consumption. In addition, economic parameters such as capital cost, replacement cost, operation and maintenance cost are required. A synchronous type alternator directly coupled to the diesel engine is selected.
The efficiency of the generator is assumed to be 35-45%. Since the fuel consumption depends on the operating power, fuel consumption at part load was included in the modeling to account for the decreased efficiency when the generator is not working at full load. To avoid very low efficiency operation the minimum load ratio for the generator is taken to be 40%.Capital costs of Typical specifications were also taken for the PV modules. The efficiency of the PV modules was assumed to be 13% with nominal operating temperature of 47 0 C. The temperature coefficient of power was considered to be -0.5 % / 0 C and a life of 25 years. The capital cost for small scale PV systems is higher than for large scale applications and the costs related to distribution and transportation are expected to have an impact in this case. Thus a capital cost of $4000/kW and an annual operation and maintenance cost of $20/kW has been considered. To optimize the system for better performances, create a buffer for engine start ups, provide system stability and store excess electricity generated from PV panels for later uses; batteries An AC/DC bidirectional converter is also required to convert the DC electricity from the PV panels and the batteries to feed the AC loads as well as charge the batteries from the excess AC electricity produced by the diesel generator and wind-turbine. The AC/DC inverter used in the modeling has an efficiency of 85% in the rectifier mode and 90% in the inverter mode. Life time of 10 years and a capital cost of $ 700 have been used.
The last sets of economic inputs parameters used are the interest rate, diesel fuel price and the prevailing exchange rates from Ethiopian Birr (ETB) to USD used at the time of the study. A 9% interest rate, 16.37 ETB/ 1$ exchange rate and diesel fuel price of $0.98/liter was used according to data obtained from the National Bank of Ethiopia and the Ministry of Trade.
RESULTS AND DISCUSSION
This section shows the results of the solar and wind resource analysis, the optimization and simulation of the system on HOMER and presents the discussion of the outputs of the optimization model.
Results from the Estimation Model of Solar Radiation
The Angstrom estimation model discussed in section 4 was used to find the monthly average daily global solar radiation by using input data such as latitude, altitude, the average day in the month, the declination angle for the day and the sunshine hour data. Similarly the clearness index varies from the lowest value of 0.5 in July to the highest value of 0.67 in most of the months of the year. Thus, according to Kudish and Ianetz (1996) , the three sites can be classified as clear sky for most times of the year and partially cloudy during the rainy season. The final calculated results of the monthly average daily global solar radiation H G is shown in figure 5 . The monthly average daily global solar radiation H G has been used as an input for the HOMER analysis.
Results from the Wind Resource Data Analysis
The wind speed data at 2 m height from the National Meteorology Agency is shown in table 4.
The data at 2 m height was extrapolated to wind speed data at 10 mbased on the Hellman exponential law presented in Equation 5. The extrapolation result at 10 m is shown in figure 6 .
The site at Serawat has relatively higher wind speed with a significant seasonal variation. The To check the accuracy of the extrapolation, the result of the data for Serawat was compared with data being measured at EiT-M (Mulu, 2011) to determine the correlation between those two data sets. Even though slight differences in the absolute value of the results exist, a correlation analysis resulted in a correlation coefficient of 0.92 which indicated that there is a strong relationship between the two data sets. The monthly averages of the wind data measurement at
EiT-M and the extrapolated data for Serawat are show in figure 7. As can be seen from figure 7 the extrapolated data resulted in slightly higher values than the measured wind speed data for the months January to June where as in the months July to December the extrapolated average wind speeds are slightly lower than the measured values.
Results from the Hybrid System Analysis and Optimization using HOMER
HOMER software models were created for conducting the analysis. Based on the load profile discussed in section 3 appropriate sizes and numbers of equipments to be considered were selected for each site. The necessary energy resource inputs from solar and wind were supplied fromthe results discussed in previous sub-sections 4.1 and 4.2. The equipment representation of the hybrid systems for Serawat, Feleg Daero and Adi Mesanu are shown in figure 8(A), (B) and (C) respectively. The equipment configuration of the three sites is similar, the only difference being on the capacity of the primary and deferrable loads.
The results of the optimization in HOMER for the sites are discussed in the subsequent sections.
In each case a table showing a listing of selected feasible system options is given (Tables 5-7) . Amongst the options, the table shows system architectures for the least cost system, 100% renewable penetration system and 100% diesel option. Similarly, for each case a figure showing electricity production contribution of each technology on a monthly basis is given (Figures 9-10 ). 
Serawat
A summary of the optimization results in a categorized form for Serawat has been presented in table 5. The least cost option for this site is the wind-diesel option. This is primarily because of the good wind resource of the site and the cheaper price per installed capacity of the wind turbine as compared to PV. Figure 9 shows the share of average monthly electricity production by the wind turbine and the diesel generator. As can be seen from the figure 9 the diesel generator is used as back up in most of the months in the year, supplying less than 10% of total energy generated except in the months June to September, where a larger proportion of the produced energy comes from the diesel generator. 
Feleg Daero
Similarly, the optimization results for Feleg Daero site are shown in table 6. The least cost option for this site is the PV-wind-diesel option. As in the previous case the diesel generator is used as back up except for the months June to September where PV and wind could not supply the required energy. Table 6 the LCOE surges to 3.012 USD/kWh.
Adi Mesanu
The results for Adi Mesanu also show similar results to that of Serawat and Feleg Daero. The optimization results for Adi Mesanu site have been summarized in table 7. The least cost option for this site is PV-Wind-Diesel option with more wind penetration. Figure 11 shows the contribution of each technology towards the monthly electricity production and it can be observed that the diesel generator is used as a backup for most of the months throughout the year, though it makes its biggest contributions in January and December. Due to increased penetration of wind and PV production as compared to the optimal systems from the other sites resulting in reduced running hours of the diesel generator the LCOE of this hybrid system is the lowest of the three sites at 0.410 $/kWh. The LCOE for the 100% renewable option and 100% diesel option are 0.517 $/kWh and 1.673 $/kWh respectively.
CONCLUSION
Like many other parts of the country the Northern part of Ethiopia is characterized by low electrification rate in rural areas, dependence on fuel wood and dung for cooking. Kerosene is widely used in wick lamps and hurricane lamps in areas where there is no access to electricity.
Despite the extensive rural electrification scheme being carried out, due to the dispersed nature of the rural settlements and low energy demands it will be difficult to reach out to every corner through grid extension.
This paper has thus presented an option of rural electricity supply through Solar-Wind-Diesel hybrid systems. It has been shown that the three sites taken as a case study have limited wind resource. Even though the sites have an excellent solar resource the optimal system configurations obtained through simulation in HOMER have higher wind penetration than PV due to higher capital costs for PV. Due to the continued reduction in PV module prices, PV could also be a major component in the hybrid systems in the area. Though the levelized cost of ISSN:2220-184X 
